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ABSTRACT

An analysis nmethod for evaluating the use of polyneric drag reducing
agents (prA) within the Strategic Petrol eum Reserve brine disposal pipelines
has been formul ated. This nethod is based upon a detailed flow nodel de-
scribing the flow of solutions with DRA through the brine pipeline at West
Hackberry, Louisiana. The verification of this nodel is confirmed by the
Sout hwest Research Laboratory data. This nodel indicates that the drag reduc-
tion effect is dependant on pol ymer solution type and concentration as well as
the fluid wal |l shear stress and the pipe roughness. For the \West Hackberry
pipeline, it is projected that a 20 percent flow increase is attainable with
the best polymers. Further drag reducing agent tests are proposed to allow a
nmore accurate prediction of flow inprovenent.
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EXECUT| VE SUMMARY

The addition of drag reducing agents to the brine flow ng through the
di sposal pipeline at the Wst Hackberry, Louisiana SPR site is being con-
sidered as a neans to significantly increase the fluid flow rate. \Wen drag
reduci ng polymers were added to a synthetic brine, data obtained at Southwest
Research Institute revealed significant increases in the flow through a
| aboratory piping network. A relationship between Reynolds nunber and fric-
tion factor has been devel oped which describes this polyneric flow and inpor-
tant paraneters have been determned for each polymer. A numerical fluid flow
model which enploys this polyneric Reynolds nunber versus friction factor
rel ationship has been applied to the piping network used for brine disposal at
West Hackberry. This analysis reveals that significant flow increases are pro-
jected upon the addition of polymer. Flowtests are planned at West Hackberry
to further determne the effect of |ow concentration of polyner, of field
brines, and of pipeline diameter on the fluid flow of these solutions

Fluid flowin the West Hackberry brine disposal pipeline is highly
turbulent. Turbulent flowis known to have a central core of alnost uniform
velocity and a boundary layer next to the wall where the flowis assuned to be
lamnar.  Turbul ence arises at the edge of theboundary |ayer and propagates
into the free stream  \Wen high nol ecul ar weight polymers are added to the
solution, thelinear nolecules interfere wth the turbul ence formation pro-
cess. As a consequence the level of turbulence near the wall is reduced and
|l ess energy is lost to turbulent processes.

Experinents to screen the performance of 30 drag reducing polyners were
performed at Sout hwest Research Institute. These experiments were perfornmed
ina flowloop consisting of a reservoir tank, punp, and a series arrangement
of a L-inch diameter pipe, a 4-inch-dianeter pipe, and a Z-inch-diameter
pipe. Polyner solution was drawn out of the reservoir tank through the punp
and flow | oop and then returned to the reservoir. I nstrumentation provided
flow rate and pressure drop data in each of the three pipe legs continuously.
Since the fluid flowed through each of the three legs in series, three
different wall shear stress conditions were obtained sinultaneously for each



pol ymer  sol ution. Hence, this flow loop allowed a rapid screening of
potential flow reducers. Data were typically gathered at one concentration
which reflects the price of the polymer and the cost structure of the punping
and | eaching operations.

The particular application for these fluid friction reducing agents,
considered in this report, is the Wst Hackberry brine disposal pipeline.
This pipeline is a 36-inch-dianeter, 26.4-mile-long pipeline which term nates
ina diffuser section in the Qulf of Mexico. The total brine flow varies be-
t ween 800,000 and 1,000,000 BBL/day while the pressure in the line is linmted

to 787 psi. Flowin the total pipeline systemwas nunerically simulated. The
results of these calculations are that significant flow inprovenent occurs
when the pipeline is very smoth. Increased roughness in the pipelines re-

duces polymeric flow enhancenent. At typical roughness and pipe flowrates, a
20 percent increase in flow is forecast.

A new series of flow tests are defined to address several unanswered
questions. These tests represent the final phase of the program requested by
DOE, to evaluate the effectiveness of drag reducing polymers on brine flow.
The concentration dependence of the polyner flowis not yet well defined by
the current data since a typical experinent investigated one pol ymer concen-
tration. The shear stability of drag reducing agents must be addressed since
the data in this study were obtained in a recirculating flow | oop rather than
in a single pass apparatus. The actual field brine will also contain divalent
ions and undi ssol ved solids which have an unknown effect on the polyner per-
formance. Finally, the laws which allow for scaling to larger pipe dianeters
(36 inches) nust be verified. Consequently, the new flow tests are defined
for single-pass pipelines (both 3 and 36 inches). Field brine will be em
pl oyed and polymer will be added to the flow |ine downstream of any cen-
trifugal punps or major flow constrictions. The flow ranges and pol ymer
concentrations will bracket the useful and expected val ues. Different pipe-
line diameters will allow scaling laws to be verified. Hence, these new data
in conjunction with the screening data obtained at swrI, will allow accurate
anal yses of performance.
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NOVENCLATURE

A, B constants

pol ymer concentration
pi pe dianeter

DRA Drag Reducing Agents
gravitational constant

(¢}

(W)

¢ accel eration of gravity

L pipe | engt h

MBD thousands of barrels per day

P pressure

v average velocity

z el evation of pipe

s sl ope of polyneric curve on Prandtl-Karman coordinates

c pi pe roughness

P fluid density

IF fluid friction head |oss

T wal | shear stress

H dynam ¢ viscosity

v ki nematic viscosity

Subscripts

c critical wall shear stress

e exit

nsl mean sea |eve

P pol ymer sol ution

s solution wthout polynmer (brine)

1 position 1

2 position 2

3 position 3

Di mensi onl ess Terms
g DAP 2t g

f Fanning friction factor =° 2 = 2°
2pv L PV

k;s maxi num di nensi onl ess pi pe roughness = %V/i

Re Reynol ds Nunber = Qﬁe



A, INTRODUCTION

The | eaching of a cavern within the Strategic Petrol eum Reserve is a
solution mning operation. Approxi mately seven barrels of brine nust be
pumped to form one barrel of cavern space. At \Wst Hackberry, Louisiana this
brine punping rate approaches one mllion barrels per day so that 140,000 BBL
of cavern storage is created daily. The use of drag reducing agents, DRA,
offers the potential of reducing the brine punping costs (and consequently
| eaching costs) or allowing the brine flow rate (and consequently |eaching
rate) to be significantly increased.

Several limtations currently exist on the maxi num punping rate attainable
on site. First, thereis a limtation on the head pressure which can be
devel oped in the pipeline. Second, during the early phases of |eaching there
is a brine residence tinme requirement in order to allow the brine to becone
saturated. Third, the Environnmental Protection Agency limts the total flow
inthe brine pipeline to 1.1 MMBBL/day. The use of drag reducing agents
offers the possibility of increasing the flow rate within the first limtation,

This report will outline the techniques and nethodol ogy used to conpare
the technical merits of eleven different polyneric materials for use as drag
reduci ng agents.

B. AMODEL OF THE RELATI ONSH P BETWEEN REYNOLDS NUMBER AND FRI CTI ON FACTOR
FOR PCLYMERI C SCOLUTI ONS

Turbul ent flow of a Newtonian fluid through a rough pipe is enpirically
described by

3.72
1 _ 4.67 €
7T = 4.0 log <Re»’f+D> (1)
A plot of 1/vF versus RevE is referred to as a Prandtl-Karman (P--K)
plot.



Aconsi deration of the effect of adding drag reducing agents to a

flow ng fluid has been advanced by several investigators.(l' 4, 5, 6,

7,10, 11, 12) They report that turbulence is suppressed as pol ymer
mol ecul es appear to interfere with the turbulent burst processes. This
suppression of turbulence in turn allows the fluid to experience a
reduced amount of drag which is manifested by a decrease in the fluid

friction.

The turbulent flow of a dragreduced solution displays three
different regions, (M), (P), and (R) as shown in Figure 1. At |ower
flow rates a Newtonian region, (N), is observed and is described by
Equation (1). Once a critical wall shear stress is exceeded, the fric-
tion factor is reduced bel ow that observed for Newtonian flow Flowin
this region is ternmed polymeric, (), and follows the enpirica
expressi on

()
1 D 3.72
JE =8 | og (Re/f) t 4.0 | og <4.67*_£> (2)
D /e Revi D
RevE
for values of ( D ) >1.0. At higher flow rates the flow becones
(Re/f)
D e

roughness limted, (rR), and the friction factor is modelled as a
const ant . In Figure 1, region (P), polyneric drag reducing agents act
to increase the flow, as neasured by 1/vEF or v/vT, for val ues of

2g P

2
u

the wal | shear stress, as measured by Re«?b = *, greater

than a critical wall shear stress.

This critical wall shear stress i s independent of the polyner
concentration in the solution, as well as the pipe dianeter and rough-
ness. It is shifted to snaller values by increasing the nol ecul ar
wei ght of the polyner. 8§ i S the Prandtl-Karman S| ope increnent of
the polymeric curve, (P), and is defined by Equation (2). & is found
to vary approximtely as the polyner concentration to a fractiona
power, nearly 172, and al so increases with increasing nolecul ar weight.
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Figure 1. Schematic of friction factor versus Reynolds _
Number on Prandtl-Karman coordinates. Note that the ordinate
IS directI?/ proportional to the velocity divided by the root

of the wall shear stress and the abscissa is directly

proportional toe the logarithm of the wall shear stress.



Pi pe roughness does not affect the critical wall shear stress or
flow in the effectively smooth polymeric region, region (P). At higher
wal | shear stresses (region (R)), however, the flow becomes rough and
the effectiveness of the polymeric agent is reduced. The upper limt of
this effectively snooth region, (P), is given by

+
<33L'> AT (3)
D Jes €

wher e k:s, t he maxi mum di mensi onl ess pipe roughness for the effectively

smooth reginme, is approximately 50 for a variety of conditions investi-
gated by virk. MY p hi gher values of wall shear stress, this nodel
describes the flow to have a constant friction factor as shown in

Ref ) ¢’ (Rgﬁ

Figure 1. The three parameters, ( ) s’ and & conpletely

define the polymeric aspects of a DRA solution. The determnation of
the values of these paranmeters is the main focus of the next two
sections.

C.  SCALING PARAMETERS

The rel ationship between Reynolds nunber and friction factor in
reduced drag solutions is deterministic in nature. By this we nean
that the relationship between Reynol ds number and friction factor is
determ ned by the value of several paraneters. Hence, the scaling of
smal | -scal e test data to that which may be expected in a full size
pi peline involves two steps. The first of these is model verification
for the polyner solutions and the environments considered. The second
step involves the determnation of parameters which may then be used to
predict flow in any other situation.

These paraneters are:

Reﬂ:’)z : uz

(1) the critical wall shear stress, < = ( D /e zgcp



(2) the Prandtl-Karman slope increment as a function of polymer
concentration, & = b(c),

(3) pipe roughness in both scaled test and the full size pipeline,
e, and,

(4) the maximum di mensionl ess pipe roughness for the effectively

snoot h regi me, k.
es

Using these paraneters, the concentration-dependent perfornance of
drag reducing agents for full-scale application may be estinated.

D. ANALYSIS OF SOUTHWEST RESEARCH I NSTI TUTE DATA(3)

An anal ysis of 30 drag reducing polyners from 11 different
manufacturers was perforned at Sout hwest Research Institute under
Sandi a Rational Laboratories Contract #47-2033, and the results were
presented in "Brine/Polymer Mxture Drag Reduction Characteristics" by
Edgar B. Bowl es, Jr.(3) This eval uati on was performed in a flow | oop
consisting of a reservoir tank, weigh tank, punp, and a series arrange-
ment ofa C-inch dianeter pipe, 4-inch-dianeter pipe, and a 2-inch-
dianeter pipe as shown in Figure 2. Polymer solution was taken out of
the reservoir tank, through the punp and flow | oop and then back to the
reservoir tank. \Wen it was time to collect data, the flow would then
be diverted to the weigh tank to provide a flow rate measurenent.
Instrumentation also provided pressure drop data continuously.
Reynol ds numbers and friction factors were derived fromthe data and
are presented in Table 1. Since the fluid flowed through each of the
three legs in series, three different wall shear stress conditions were
obtai ned sinultaneously for each polyner solution. These data allowed
for a rapid screening of many candi date DRA. Data were typically
gathered at one concentration which reflected the price of the polymer
and the cost structure of the punping operations. Synthetic sodium
chloride brine was used in these tests.



LOAD
CELL

K FLOW DI VERTER

r,\

WEIGH
TANK

PRESSURE
TAPS
DOWNCOMERS
BRINE
RESERVO R

(M XING TANK)

S 7777

2" DI AMETER PI PE

134

DIAMETER
PIPE
C .
6"
DIAMETER .f”'J
/f' PIPE  MANOMETER
— il
6"
DIAMETER l\\\\d
[ PIPE

MANOMETER

CENTRI FUGAL PUWP

FIGURE 2. FLOW LOOP SCHEMATI C FOR

SOUTHWEST RESEARCH | NSTI TUTE EVALUATI ON (3)

PRESSURE
TRANSDUCER

PRESSURE
TAPS




POLY CONC.
NO.
(PPM)
0
23 110
21 110
21 55
23 55
1 36
22 110
23 25
10 60
18 60
19 60
9 60
17 40
10 30
8 60
26 60

27

60

TABLE 1. suUMMARY OF TEST RESULTS FOR POLYMER ADDI T| VE BRINE FLOWN TESTS AT SwRI

40 FT LONG 6" DIAMETER Pl PE 40 FT LONG 4" DI AVETER PI PE 20 FT LONG 2" DIAMETER Pl PE

TEST FLOW INCR. PRES FLOW RE. FRIC. PRES. FLOW RE. FRIC.  PRES. FLOW RE. FRIC

TIME RATE FLOW DROP VEL. NUMBER FACT. DRCP VBL. NUMBER FACT  DRCP VEL. NUMBER FACT.

RATE
(MIN) (GPM) (%) (PSIG) (FT/S) (PSIG) (FT/S) (PSIG) (FT/S)

3 326.0 0.0 0.22 3.70 107096 0.025 1.42 8.32 160547 0.021 17.0  33.29 321190 0.016
3 486.8 49.3 0.31 5.52 159775 0.016 1.42 12.43 239856 0.010 12.0  49.71 479615 0. 005
28 404.8 24.2 0.34 4.59 132856 0.026 1.86  10.34 199526 0.018 13.9  41.34 398859 0.008
5 460.9 41.4 0.32 5.23 151381 0.018 1.42 1177 227120 0.011 11.6  47.07 454143 0. 006
28 422.7 29.7 0.37 4.80 138935 0.025 1.87 10.79 208209 0.017 14.0  43.17 416515 0. 008
5 413.6  26.9 0.31 4.69 135751 0.022 1.54 10.56 203771 0.014 12.9  42.24 407542 0.008
29 375.1 151 0.31 4.26 123305 0.027 1.82 9.58 184860 0.021 14.5  38.31 369624 0.010
3 407.0 24.9 0.30 4.62 133725 0.022 1.57 10.39 200491 0.015 14.1  41.56 400981 0.009
28 380.5 16.7 0.30 4.32 125041 0.025 1.85 9.71 187369 0.020 15,1  38.86 374931 0.010
3 407.0 24.9 0.30 4.62 133725 0.022 1.48 10.39 200491 0.014 13.7  41.56 400981 0.008
28 380.2 16.6 0.28 4.31 124752 0.024 1.72 9.71 187369 0.019 14.9  38.83 374642 0.010
5 400.5 22.9 0.32 4.54 131409 0.024 1.54 10.23 197403 0.015 13.3  40.90 394613 0.008
35 337.4 22.9 0.28 3.83 110858 0.030 1.76 8.61 166143 0.025 15.2  34.46 332479 0.013
3 387.2 18.8 0.30 4.39 127067 0.024 1.61 9.89 190842 0.017 14.7  39.54 381492 0.010
28 346.6 6.3 0.24 3.93 113753 0.024 1.65 8.85 170774 0.022 15.8  35.40 341548 0.013
3 379.5 16.4 0.30 4.31 124752 0.025 1.61 9.69 186983 0.018 15.0 38.76 373966 0.010
5 377.8 15.9 0.28 4.29 124173 0.024 1.44 9.65 186211 0.016 14.6  38.58 372230 0.010
28 369.9 13.5 0.27 4.20 121568 0.024 1.48 9.44 182159 0.017 14.8  37.78 364511 0.011
2 367.8 12.8 0.23 4.17 120700 0.020 1.48 9.39 181194 0.018 14.8  37.56 362388 0.011
30 368.1 12.9 0.28 4.18 120989 0.025 1.50 9.40 181387 0.018 15.2  37.59 362678 0.011
3 3619 11.0 0.26 4.11 118963 0.024 1.54 9.24 178300 0.019 15.4  36.96 356599 0.012
3 3612 10.8 0.26 4.10 118673 0.024 1. 42 9.22 177914 0.017 15.2  36.89 355924 0.012
3 3555 9.1 0.24 4.03 116647 0.023 1.43 9.08 175212 0.018 15.2  36.31 350328 0.012
28 336.3 3.2 0.26 3.82 110569 0.028 1.57 8.59 165757 0.022 15.6  34.34 331321 0.014
3 3477 6.7 0.32 3.95 114332 0.032 1.60 8.88 171353 0.021 15.6  35.51 342609 0.013
3 328.6 0.8 0.23 3.73 107964 0.025 1. 42 8.39 161898 0.021 17.3  33.56 323795 0.016
3 328.0 0.6 0.23 3.72 107674 0.026 1.44 8.37 161512 0.021 17.3  33.50 323216 0.016



TABLE 1. SUMMARY OF TEST RESULTS FOR PCLYMER ADDI Tl VE BRINE FLOW TESTS AT SwRI (CONTINUED)

40 FT LONG 6" DIAMETER P| PE 40 FT LONG 4" DIAMETER P| PE 20 FT LONG 2" DIAMETER Pl PE

POLY CoNC. TEST FLOWN INCR. PRES. FLOW RE. FRIC. PRES FLOW BE. FRIC.  PRES. FLOW RE. FRIC.
NO TIME RATE FLOW DROP VEL. NUMBER FACT. DROP VEL. NUMBER FACT  DROP VEL. NUMBER FACT.
(PPM) (MIN) (GPM) l?éIE (PSIG) (FI/S) (PSIG) (FT/S) (PSIG) (FT/S)

13 60 3 328.0 0.6 0.22 3.72 107674 0.024 1.43 8.37 161512 0.021 17.3  33.50 323216 0.016
12 36 3 326.9 0.3 0.23 3.71 107385 0.026 1.42 8.35 161126 0.021 17.0 33.40 322252 0.016
14 60 3 322.6 -1.0 0.23 3.66 105938 0.026 1.39 8.24 159003 0.021 16.7 32.95 317910 0.016
24 110 3 322.2 -1.2 0.22 3.66 105938 0.025 1. 66 8.23 158810 0.026 17.5 32.90 317427 0.017
0 3 321.7 0.0 0.22 3.72 1076 74 0.026 1.43 8.37 161512 0.021 17.1  33.47 322927 0.016

0 3 325.7 0.0 0.22 3.70 107096 0.026 1.44 8.32 16054 7 0.022 17.4 33.26 320901 0.016

0 3 325.5 0.0 0.22 3.69 106806 0.026 1.44 8.31 160354 0.022 17.0 33.24 320708 0.016

0 3 330.0 0.0 0.24 3.74 108253 0.026 1.43 8.43 1626 o 0.021 17.2  33.70 325146 0.016

0 3 330.1 0.0 0.22 3.75 108543 0.025 1.39 8.43 1626 o 0.021 16.8  33.71 325243 0.016

0 3 329.2 0.0 0.22 3.74 108253 0.024 1.44 8.40 162091 0.021 17.6  33.62 324374 0.016

0 3 328.6 0.0 0.22 3.73 107981 0.024 1.43 8.39 161898 0.021 17.2  33.56 323795 0.016

0 3 326.9 0.0 0.22 3.71 107385 0.025 1.43 8.35 161126 0.021 17.3  33.38 322059 0.016

0 3 327.1 0.0 0.22 3.71 107385 0.026 1.44 8.35 161126 0.022 17.3  33.41 322348 0.016

0 3 326.0 0.0 0.22 3.70 10 7096 0.025 1.43 8.32 160547 0.022 17.0 33.29 321190 0.016

0 3 324.2 0.0 0.22 3.68 106517 0.025 1.44 8.28 159775 0.022 17.1  33.11 319454 0.016

0 3 324.5 0.0 0.22 3.68 106517 0.022 1.42 8.28 159775 0.022 17.1  33.14 319743 0.016

0 3 329.2 0.0 0.22 3.74 108253 0.024 1.44 8.41 162284 0.021 16.7  33.62 324374 0.015

0 3 323.0 0.0 0.22 3.67 106227 0.025 1.43 8.25 159196 0.022 16.3  32.99 318296 0.016

0 3 327.4 0.0 0.22 3.72 107674 0.024 1.48 8.36 161319 0.022 16.8  33.44 322638 0.016

0 3 324.0 0.0 0.22 3.68 106517 0.025 1. 46 g.27 159582 0.022 16.6  33.09 319261 0.016



E.  DATA REDUCTI ON

The data for flowwth no drag reducing agents, DRA, added to the brine
solution may be used to determ ne the pipe roughness in each leg of the flow
loop. Pipe roughness for brine flowing in pipe may be determ ned by applying
Equation (1). Wen this is done, the pipe roughnesses given in Table 2 are
obt ai ned.

TABLE 2
Pl PE ROUGHNESS FOR swRI FLOW TESTS

PI PE DI AVETER RELATI VE ROUGHNESS (e/D) LIMT OF
SMOOTH REG ON
<Rev/f>
D /es
(I'7inches)
2 0. 00017 208000
4 0. 00100 17700
6 0. 00195 6040

These pipe roughnesses may then be used to determ ne the upper
limt of the effectively snooth regine as in Equation (3). These
val ues are also shown in Table 2. As long as RevE/D is | ess than
this upper limt, the wall roughness will not dimnish the drag reduc-
tion effect of the polymers, and Equation (2) alone wll describe the
pol ymeric solution flow In no case does the actual value of RevE/D
exceed the effectively snooth limit in the SwRI data. Hence, the pipe
roughnesses of the laboratory test |oop do not reduce the polyner ef-
fectiveness. The sane is not expected to be true of pipe roughnesses
in the 36-inch brine pipeline.



In order to verify the nodel equations with the data given in Table
1, we plot

< 3. 72
1 4.67 ¢ 1 L
F5 - 4.0 log| =g + D> (4)

R
R

agai nst the abscissa

Revf

log D

where the subscript, s, refers to the drag expected in the solvent alone
eval uated at the value of RevE for the solution. Wen the data are plotted
in this manner, a linear coorelation is expected in the polyneric region as
presented in Equation (2). The value of the intercept on the abscissa is the
critical (ReJ’E'/D)c corresponding to the inception of polyneric drag reduc-
tion. The slope of the line is & The plots for the data given in Table 1
are presented in Figures 3, 4, 5 6, 7, 8 9, 10, 11, 12, and 13.

As may be seen in Figures 3 through 13, the data do show the required
linearity. Hence, values of critical wall shear stress and the slopes of the
enhanced polymeric lines are shown in Table 3 for thosematerials which were
effective

For those cases where a polyner was tested at multiple concentrations
(materials nunbered 21, 23, and 10), the test data do not show a single eriti-
cal wall shear stress as predicted by Virk.(lo) Rather this nunber appears
to be a function of the polyner concentration. The slope, 6, increases wth
concentration in a way that is not inconsistent with

6 = constant c" (5)
where n is a constant. \Wile data presented in Figures 3 through 13 do show
that the flow nodel presented here is appropriate for a scal e-up anal ysis,

there is enough variance in the concentration dependence of these data to
necessitate further conparisons

10
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TABLE 3
POLYMER SOLUTI ON PROPERTI ES OBTAI NED FROM swrI FLOW TESTS

MATERI AL wO. CONCENTRATI ON (ppm) (Re»’f/D)c )
(1/inches)

1 36 1240 7.4
21 110 1180 13.5
21 55 1390 10.7
23 100 890 12.8
23 95 1320 7.0
23 25 1630 5.8
22 110 1620 8.4
18 60 1350 5.2
19 60 1190 3.7
10 60 1770 5.2
10 30 1000 2.5

9 60 1410 3.1

8 60 3000 3.5
17 40 1190 3.3
28 20 960 8.1
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F. MWEST HACKBERRY PIPELI NE CHARACTERI STICS

The ultimate use of these drag reducing agents is in brine disposa
pipelines simlar to the brine pipeline at West Hackberry, LA This pipeline
is 36-inch O.D. and 34.75-inch |.D. (5/8-inch wal | thickness) with an actua
| ength of 139359.4 feet (26.4 mles) and an additional 3240 feet in the dif-
fuser section. Pipeline elevation in the diffuser section is 41.4 feet bel ow
the pump, and the brine discharge is 28.6 feet bel ow nean sea level in the
@l f of Mexico. The diffuser section consists of 55 nozzles on 60-foot cen-
ters where each nozzle points vertically upward. Each nozzle consists of a
| o-inch tee which is serially reduced through two Venturi reducers to a 3-inch
|.D. and then connected to 56 inches of 3-inch |.D. tubing to give an overal
nozzle length of 11.7 feet. The total brine flow through the pipeline varies
with tine. Recent typical throughput varies between 864.3 and 1028. 3 MBBL/day
while punp head pressures vary correspondingly between 584 and 770 psia. The
brine is 95% Nacl saturated with a specific gravity of 1.19 and a dynamc
viscosity of approximately 1.45 cp. Additionally a small amunt (< 1% of
suspended solids will be carried with the brine and up to 2000 ppm of
di ssolved calciumw |l be preaent

G NEWTONIAN FLOWRATE - PRESSURE DROP MODEL

The correlation of the flow rate and pressure drop through any pipeline is
made by applying Equation (1) and an energy balance. In the case of the Wst
Hackberry brine pipeline, these equations are used repeatedly in the diffuser
section for eachof the nozzles and the total flow through the diffuser sec-
tion is matched to the total flowin the main pipeline. Anunerical solution
to these equations which describes brine flow in the Wst Hackberry pipeline
has been developed. In the nodel the absolute pressure on the outlet of the
punmp nust be specified. The numerical nodel then determnes the total flow
through the main pipeline and diffuser. The solution methods are presented in
Appendi x A

In this report we apply this Newtonian flow nodel to deternmine the overal
ef fective pipe roughness of the West Hackberry brine pipeline. This roughness
is then used in the polynmer flow nodel which is presented in Section |
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Al t hough the term pipe roughness refers to a surface variation of a uniform
nature on the inside of the pipe, we determne an effective roughness which
enconpasses the situation where sand and other particulates have settled out
at the bottom of the pipeline, occasional weldnent upsets which interrupt the
flow, as well as corrosion-erosion of the pipe surface. For the recent pres-

sure drop-flow rate information presented in Section F, a sinple matching of

these data leads to a pipe roughness of 0.0022 feet. This roughness is then
used in Equation (3) to calculate a val ue of (Re\/?'/D)es of 2650 /inches.

This roughness is then used to predict the performance of the pipeline when
pol ymeric drag reducing agents are added to the flow

H  POLYMER FLOW RATE - PRESSURE DROP MODEL

A forecast of the performance of drag reducing agents in the Wst
Hackberry brine pipeline nay be obtained by using the previously devel oped
Newtonian flow nodel with one change. Instead of using Equation (1), Equation
(2) with the limtations inposed by Equation (3) will be used.

|.  APPLICATION OF THE POLYMER FLOW RATE - PRESSURE DRCP MODEL

The variation in polyneric solution properties will have a significant
effect on the drag reduction observed in the brine pipeline. There are

several neasures for this variation. It is possible to measure inprovenent in
flow at a constant pressure drop, or reduction in pressure drop at constant
flow, or sone conbination of the above. Since the primary reason for con-

sidering the use of drag reducing agents was to increase the brine line
throughput, the polymer nodel was applied with head pressure held constant.
The addition of polynmer then allows increases in the flow rate as a function
of pipeline roughness and polymeric properties. Curves are presented of the
parametric variation of 6, the slope increnent given in Equation (2);

V2 k+
Revt) e

D/(es= c

(Re/?/b)c, the measure of the critical wall shear stress; and(

t he maxi mum roughness of the effectively snooth pol yneric regine. These
correlations are presented in Figures 14, 15, 16, and 17. The theory presented
above calls for 8§ to vary as a power of the concentration, while the
critical wall shear stress should be a function of the polynmer type and
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nmol ecul ar  weight, and (Re/fVD)es should be a function of the pipe
roughness. As may be seen in these figures, increasing the pipe roughness
decreases the utility of the polynmeric additives. I ncreases in polyner
concentration, i.e., increasing &, increase the flow rate. Decreasing the
critical wall shear stress, as through the choice of higher nolecular weight
polymers, also increases the flow rate. Once the polyneric material is
sel ected, however, the control of pipeline roughness offers the best method of
optim zing polymer performance. The pipeline roughness may be controlled
through the periodic cleaning of the pipeline. A conparison of Figures 14 and
15 reveals that little inprovenent in polyner performance occursfor val ues of
roughness less than 0.0012 feet.

J.  FIELD FLOWN TEST PROCEDURE

The first phase of experinentation (the SwRI experinments) was designed to
provide data to allow a quick screening of the DrRA in order to reduce the
number of materials to be further tested. In order to conplete the analysis
of the use of DRA in the brine disposal pipelines within the SPR additiona
testing needs to be performed. Yet to be answered are questions about the use
of field brines, shear sensitivity of the polymers, and verification of the
| aws of pipeline scaling. The first two of these questions will be answered
by tests to be perforned in a 3-inch-dianeter flow |loop installed as a side
stream on the West Hackberry pipeline. The laws of scaling will be further
investigated in a 36-inch-dianmeter (full--scale) test of one of the materials.
The conbination of these tests will allow us to conplete the appraisal of the
use of DRA.

A conparative analysis of the performance of the drag reducing agents
shown in Table 1 will be performed in the flow | oop depicted in Figure 18.
This flow loop will consist of a 3-inch pipeline, together with a flow control
valve to regulate the flow through the | oop and pressure taps to all ow nea-
surenent of theoverall pressure drop. Drag reducing polynmers will be m xed
in an 8-gallon tank and then nmetered into the flow loop with a positive dis-
pl acenent punp, rated at 49 gallons per hour and 1050 psi, at prescribed rates
to obtain the required solution concentrations. Thi s punp should allow
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pol ymer injection with a mninumof degradation. Similarly, the line mxer is
a low shear device and there are no other constrictions in the flow path
wi thi n the loop.

Flow rates to be used in this flow loop must nodel those which are to be
used in the West Hackberry brine pipeline. It is desirable to operate this
brine pipeline at a flowrate of 1.1 MMBBL/day while the punp head pressure
remains near its current value of 670 psia. Under these conditions the wall
shear stress in the nmain pipeline is 0.48 psf, and the maxi numwall shear
stress in the diffuser section is 6.12 psf. These wall shear stresses cor-
respond to values of Re/E/D of 4080/inches and 14600/inches, respec-
tively. The limt of the effectively smooth polynmeric region is at a
(ReJT/D)eS of 2650/inches, as was shown above. For the flow nodel pre-
sented above, this means that there will be flow enhancement above that
expected for sinple Newtonian flow for values of Rev/E/D up to 2650/inches.
For larger values of RevE/D the friction factor will become and remain con-
stant due to expected brine pipeline roughness. Additionally, it is expected
that the flow will behave in a strictly Newtonian nanner for values of
RevE/D | ess than the critical value of Re/E/D given in Table 3. Hence,
for these flow tests it is inportant to investigate the flow region where the
val ue of RevE/D varies between its critical value and the limt of the
effectively snooth regi on (2650/inches).

The assignment of particular flow rates in the 3-inch flow |oop in order
to match the above given paranetric values of the wall shear stress will
depend on the particular polynmer being tested, its critical wall shear stress,
and &, the slope of the enhancenent curve on Prandtl-Karman coordi nates. I|f,
for exanple, material #1 in Table 3 were chosen, then Equation (2) yields a
volunetric flow rate of 151 gal/min corresponding to RevE/D of 2650/inches.
In a 120-foot length of pipe this flow woul d experience a pressure drop of
2.68 psi. Simlar calculations for the critical value of (Re/’f/D)c of
1240 inches yield a flowrate of 57 gal/min at a pressure drop of 0.59 psi.
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Since the performance of drag reducing polymers is as yet not conpletely
defined, the parameters in Table 3 are not accurate enough to permt a
conplete definition of exact flow conditions. Nonetheless, we can see that it
is inportant to define the (¥) and (P) lines of Figure (1) for val ues of
RevE/D up to the effectively snooth limt. In order to acconplish this, at
| east three data points will be taken in the SO 150 gal/min regi on w thout
pol ymer to establish the () curve for the test loop. This procedure wll
then be repeated to establish (pP) curves at three different concentration
levels. The slopes of the resultant curves will then be cross-correlated to
all ow performance predictions at different concentration |evels by way of the
method inplied by Equation (5). The concentrations of polymer to be tested
will depend on the polymers. Since it is desired to increase the flowrate in
the West Hackberry brine pipeline fromroughly 850 to 1100 MBBL/day, maxi mum
pol ymer concentrations will be chosen to acconplish this. Even though the
pol ymer flow nodel may be applied to determ ne what appropriate concentration
| evel s should be used, it is felt that the existing data would cause this
anount to be overestinmated. Hence, the test itself will be allowed to guide
determnation of the maxi mum concentration.

The scale up laws developed in the first phase of testing will be verified
by a full-scale flow test in the 36-inch-dianmeter brine disposal pipeline. In
this test DRA will be added at two concentrations to a pipeline operated at
field pressure. The inprovenent in flow wll be neasured two ways: at con-
stant flow rate and at the maxinmum pressure drop. The results of this test
will allow an extrapolation of the other data to that expected in the
36-inch-dianeter pipeline.

K. PERFORMANCE PREDI CTI ONS
The performance of these polyners in the West Hackberry brine pipeline may
be estimated by applying the results obtained fromthe testing in the flow

model for drag reducing agents. For a sanple case where (RevE/D) s
1240/inches, 8 iS 7.4 (as in the case of polymer #1), and € is 0.0022 feet
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(see Section G, the nodel calculational results are presented in Figure 19
These results are simlar to those shown in Figures 14 through 17 but are for
specific roughness data and additionally show the effect of operating the
pi pel ine at reduced head pressures to achieve power savings.

Apresentation of detailed economcs is deferred at present because of the
lack of information on the anount of polynmer required as well as data on
delivered polyner costs. Econoni cs have been considered in choosing test
concentration levels but their discussion is beyond the scope of this report.

L. SUMMARY

(1) Data obtained from swRI flow tests have been plotted on Prandtl-Karman
coordi nates according to the model of Virk. The linear variations which
were observed are as predicted by Virk. Inportant features of Vvirk's
model are (A) a single critical wall shear stress for each polyner, (B)
an increase in the slope of the characteristic curve on Prandt!-Karman
coordinates as the pol yner concentration increases, and (C) a cutoff wall
shear stress related to the wall roughness. Single critical wall shear
stresses were not observed in the data.

(2) The data obtained at swRI have been reduced to yield critical wall shear
stresses and characteristic (P-K) slope increments for each of the
pol ymer types. \Were obtained, concentration dependencies indicate that
some shear degredation occurred in the punp used in the SwRI tests

(3) A nodel of Newtonian flow in the Wst Hackberry brine pipeline and
di ffuser section has been devel oped and inplenented. This nodel satis-
factorily describes flow in the pipeline and, when applied to deternine
the overall pipe roughness, yields 0.0022 feet.

(4) A nodel to describe the flow of polymeric drag reducing solutions has

been devel oped and inplenented to describe the brine flow in the Wst
Hackberry brine pipeline.
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(5) A test plan to determine parametric values which predict the performance

drag reducing agents has been formulated.
(6) The application of preliminary test data and the polymeric solution flow

model indicate that 20 percent improvement in flow may reasonably be

obtained with drag reducing agents.
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APPENDIX A
DESCRI PTION OF FLOW RATE - PRESSURE DROP MODEL

A schematic of the West Hackberry pipeline is shown in Figure Al.  For this
pi pel ine an energy balance may be witten for flow between points 1 and 2,

2 2
p v
1,, 8,2+ _2 ,,8 .2 + )F (Al)
8. 28

o)
<

P 1 gc chc P 2

where z is the elevation, a is theweight factor accounting for the velocity
profile deviation fromplug flowand }¥ is the fluid friction head loss and
is defined as Ap/p due to fluid friction. For flow in the nain pipeline

vy and v, are equi val ent so that

+(21’Z)L (A2)

A nmethod of solving these equations involves first assumng a value for
P, and then calculating ¥¥. Then Re\/g h Equation (1) is determ ned since

g DJF
_Dbpyfle ™
Re\/f-u\/ o (A4)

From Equation (1) then f is determned and v is finally determ ned from
Equation (A3). This average velocity times the cross-sectional area gives the
volunetric flow rate. Si nce p, VWas assumed to begin this calculation, its
val ue nust be varied until flowin the main pipeline matches flow in the
di ffuser.
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The flow in the diffuser section is depicted by the schematic in Figure
A2 because of pressure matching condition, Py = Py The energy bal ance
applied for any one of the nozzles, but witten for nozzle A is

P, - P
e R A Rl ) (AS)
P 8‘0

where P Is the pressure in the nozzle throat at the exit condition and

2
= - B _ e
Po = Pyy * (ZHSL ze) c Psw cha (A6)
wher e ParM is the atnospheric pressure, ZysL is the elevation of mean sea

level, and Pow Is the sea water density. Si nce P, w |l decrease as the
flow increases, it nust be limted to values greater than the vapor pressure
of the brine. Flow rates greater than this amount will not occur, and the
nozzle at this point is considered choked. At the higher flow rates attain-
able with drag reducing agents in the West Hackberry pipeline, this type of
choking is actually observed in the nost upstream nozzles of the diffuser
section.

Equations (1), (A3), (AS), and (A6) must then be solved sinultaneously to
yield the flow through the first nozzle, A The total flow through the main
pipeline is then reduced by the amount which flowed out of nozzle A

For the diffuser section between points A and B, the pressure drop needs
to be determned for the total pipe flowrate |less that which fl owed out of

one nozzle. In this case there is no elevation change in the diffuser section
so that

P
3F = 2B (A7)
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Equation (1), (A3), and (A7) are then solved simultaneously for hp. Thus,
Py is determined and the second nozzle flow may be calculated by the same
method as was used for nozzle A. This solution method is then repeated to
obtain all nozzle flows, the sum of which must equal the pipe flow, P, (or
pA) iIs then adjusted until this is so. In this manner flow through the
complete pipeline system is determined as a function of the head pressure,
Py» the pipe roughness and dimensions, and the fluid properties.
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